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The NPC1 family of proteins plays crucial roles
in the intestinal absorption and intracellular
trafficking of sterols. The Drosophila genome
encodes two NPC1 homologs, one of which,
NPC1a, is required for intracellular sterol traf-
ficking in many tissues. Here we show that
the other Drosophila NPC1 family member,
NPC1b, is expressed in the midgut epithelium
and that NPC1b is essential for growth during
the early larval stages of development. NPC1b
mutants are severely defective in sterol absorp-
tion, and the midgut epithelium of NPC1b mu-
tants is deficient in sterols and sterol trafficking
intermediates. By contrast, NPC1amutants ab-
sorb sterols more efficiently than wild-type ani-
mals, and, unexpectedly,NPC1b;NPC1adouble
mutants absorb sterols as efficiently as wild-
type animals. Together, these findings suggest
that NPC1b plays an early role in sterol absorp-
tion, although sterol absorption continues
at high efficiency through an NPC1a- and
NPC1b-independent mechanism under condi-
tions of impaired intracellular sterol trafficking.
INTRODUCTION
Vertebrates acquire cholesterol from their diet and
through the synthesis of cholesterol from acetate. Al-
though much is known of the enzymology of cholesterol
biosynthesis (Brown and Goldstein, 1986), far less is
known of the molecular mechanisms by which dietary
cholesterol is absorbed by the intestine. However, recent
genetic and pharmacological work indicates that the Nie-
mann-Pick C1-like 1 (NPC1L1) protein plays an important
role in the intestinal absorption of dietary sterols. In partic-
ular, cholesterol absorption is largely inhibited by the drug
ezetimibe, which binds to and presumably inactivates the
NPC1L1 protein (Garcia-Calvo et al., 2005). Moreover,
NPC1L1 knockout mice absorb dietary cholesterol ineffi-
ciently and show no response to ezetimibe (Altmann
et al., 2004; Davis et al., 2004). While these findings clearly
demonstrate that NPC1L1 promotes dietary cholesterolCellabsorption, the specific mechanism by which it does so
remains unclear.
The NPC1L1 gene is homologous to the Niemann-Pick
type C1 (NPC1) gene, loss-of-function mutations of which
cause Niemann-Pick type C disease, an autosomal reces-
sive lipid-storage disorder. The NPC1 and NPC1L1 gene
products are both 13-pass transmembrane proteins with
a putative sterol-sensing domain, a cysteine-rich domain,
broad homology to the Patchedmorphogen receptor, and
structural similarity to the RND family of prokaryotic
permeases (Carstea et al., 1997; Davies et al., 2000a,
2000b). NPC1 also contains a lysosomal targeting motif
and localizes to an endosomal compartment where it pro-
motes intracellular trafficking of cholesterol and sphingo-
lipids, perhaps by directing the movement of sterol-rich
transport vesicles to their proper locations (Ko et al.,
2001) or by facilitating the export of sterols from the lyso-
some (Ioannou, 2000).
Although the structural similarity of NPC1L1 to NPC1
suggests that these proteins play conserved biochemical
roles, many important questions concerning the function
of NPC1L1 remain unanswered. For example, it remains
unclear whether NPC1L1 specifically promotes the ab-
sorption of sterols or whether this protein also participates
in the absorption of other dietary factors. The identities of
key factors that regulate NPC1L1 and that function in
concert with NPC1L1 to promote cholesterol absorption
in the intestine also remain unknown. Whether NPC1L1
promotes an early step in sterol acquisition and/or, like
NPC1, a later step in intracellular trafficking of cholesterol
in the intestinal epithelium also remains controversial
(Sane et al., 2006; Yu et al., 2006). Finally, the precise mo-
lecular functions of both NPC1L1 and NPC1 remain un-
known and the topic of much debate (Davies and Ioannou,
2006; Garver and Heidenreich, 2002; Karten et al., 2006;
Malathi et al., 2004; Mellon et al., 2004).
To study the functions of the NPC1 gene family and the
mechanisms of sterol absorption and intracellular sterol
trafficking, we used a genetic approach in the fruit fly
Drosophila melanogaster. Although insects lack the ability
to synthesize sterols, dietary sterols are required for
proper insect development, and previous work suggests
that sterol trafficking mechanisms are highly conserved
in insects and vertebrates (Rodenburg and Van der Horst,
2005). The Drosophila genome contains two NPC1 homo-
logs, designated NPC1a and NPC1b. The NPC1a and
NPC1b genes encode polypeptides with 42% and 35%Metabolism 5, 195–205, March 2007 ª2007 Elsevier Inc. 195
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Drosophila NPC1b Is Involved in Sterol AbsorptionFigure 1. NPC1b Is Expressed in theMid-
gut Epithelium
Approximately 800 bp of sequence upstream
of the NPC1b start codon was joined to the
GAL4 transcription factor. Larvae bearing this
transgene and a GAL4-responsive GFP trans-
gene express GFP in tissues in which the
NPC1b promoter is active.
(A) Dissected third-instar larvae, showing two
distinct areas of GFP expression within the
midgut. Dotted line shows approximate loca-
tion of cuticle prior to dissection.
(B) Isolated midgut from 3-day-old adult fly.
One area of GFP expression is detected in
adult flies.
(C) Close-up of isolated GFP-expressing larval
midgut cells, showing hexagonal morphology
characteristic of epithelial cells. Scale bars in
all images = 50 mm.amino acid identity, respectively, to the human NPC1 pro-
tein and 34%and 29% identity, respectively, to the human
NPC1L1 protein. We and others have previously demon-
strated that NPC1a is ubiquitously expressed and is re-
quired for efficient intracellular sterol trafficking in many
tissues, including the ring gland, where the major insect
steroid hormone ecdysone is synthesized (Fluegel et al.,
2006; Huang et al., 2005).
In our current work, we subjected the NPC1b gene to
mutational analysis and found that NPC1b functions in
a role homologous to that of mammalian NPC1L1 in the
regulation of dietary sterol uptake from the gut epithelium.
Our results suggest that NPC1b promotes an early step in
sterol absorption and may participate in the absorption of
other essential dietary factors. Our findings also suggest
the existence of an NPC1a- and NPC1b-independent
mechanism of sterol absorption.
RESULTS
Expression Analysis of NPC1b
To determine where NPC1b is expressed, we generated
a reporter construct consisting of an NPC1b promoter-
containing fragment placed upstream of the yeast GAL4
protein coding sequence. Transgenic flies bearing this
NPC1b-GAL4 fusion construct were crossed to flies carry-
ing a UAS-GFP transgene. Larval progeny of this cross
that bear both the NPC1b-GAL4 and UAS-GFP trans-
genes express GFP in two distinct areas, corresponding
to compartments m2 and m10–m12 of the midgut (Fig-
ure 1A; see also Figure S1 in the Supplemental Data avail-
able with this article online; Murakami et al., 1999). GFP
expression diminishes during pupation and then reap-
pears in the adult midgut approximately 2 days posteclo-196 Cell Metabolism 5, 195–205, March 2007 ª2007 Elsevier Incsion (Figure 1B). Higher magnification of the larval midgut
revealed that the NPC1b-GAL4 transgene drives expres-
sion specifically in the midgut epithelium and not in sur-
rounding muscle tissue (Figure 1C). GFP fluorescence
was not detected in any tissues outside of the midgut at
any stage of development, suggesting that NPC1b ex-
pression is restricted to the midgut epithelium throughout
the Drosophila life cycle. Control animals bearing only the
NPC1b-GAL4 or UAS-GFP transgene failed to produce
detectable GFP fluorescence (data not shown), demon-
strating that the NPC1b promoter is directly responsible
for GFP expression in the midgut.
Identification of NPC1b Mutants
To investigate the functional role of NPC1b, we subjected
theNPC1b gene tomutational analysis. AnNPC1bmutant
allele was created using a gene-targeting construct that
included a nonsense mutation in the first exon of NPC1b
at codon 392, several nucleotide alterations in the first in-
tron designed to eliminate splicing, a diagnostic restriction
site, and other alterations required for gene targeting
(Rong and Golic, 2000). This construct was used to gener-
ate mutations as detailed in the Experimental Procedures
section and outlined schematically in Figure 2A. From
a screen of 35,000 flies, we recovered two independent
lines in which a targeting event occurred. Both lines car-
ried a wild-type copy of the NPC1b gene and a tandem
copy bearing the inactivating mutations (Figure 2A). Sub-
sequent generation of a double-stranded break between
the mutationally altered and wild-type copies of the
NPC1b gene led to the recovery of 33 recombinant lines
bearing only the mutant copy of NPC1b. Loss of wild-
type NPC1b and retention of the mutation were verified
by PCR across the diagnostic restriction site introduced.
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(A) An NPC1b genomic fragment was modified to include a stop codon at amino acid position 392, several splice-site mutations, an XhoI diagnostic
site, and an I-SceI restriction site (Aa). After insertion into theDrosophila genome, the construct was subsequently excised as a linear fragment via the
flanking FRT sites and the I-SceI site. This linear fragment can recombine at the NPC1b genomic locus, resulting in tandem integration, with the wild-
type copy of the gene followed by theminiwhite transgene, an I-CreI restriction site, and the targeted allele (Ab). The tandem duplication was resolved
to a single copy by generating a double-stranded break at the I-CreI site, followed by recombination-mediated repair, leaving either the wild-type
NPC1b gene or the targeted allele of NPC1b with the inactivating mutations (Ac).
(B) PCR amplification using primers flanking the inactivating mutation (arrowheads in Ac), followed by digestion with the XhoI restriction enzyme, re-
sults in a 2.1 kb fragment if the wild-type gene sequence is present (lane 1) or 1.1 and 1.0 kb digested fragments if the targeted allele is present (lane 2).into the targeting construct (Figure 2B). Initial character-
ization indicated that all of these lines were molecularly
and phenotypically identical, so one line, designated
NPC1b1, was chosen for detailed characterization.
NPC1b is located on the X chromosome, and both hemi-
and homozygous NPC1b1 mutants died at the second-in-
star larval stage of development. Mutant larvae showed no
gross morphological or behavioral defects and were able
to survive for at least a week as second-instar larvae, while
heterozygous and nonmutant siblings progressed through
development normally (Figure 3). Approximately 5% of
mutant larvae arrested at the molt from second to third in-
star, as evidenced by the appearance of a few dead larvae
with duplicated mouth hooks and spiracles. To confirm
that the recessive lethal phenotypeofNPC1b1mutants de-
rives specifically from loss of NPC1b function, several ex-
periments were performed. First, we tested whether the
deficiency chromosomes Df(1)C1 and Df(1)A118, which
bear deletions of the NPC1b region, were able to comple-
ment theNPC1b1 recessive lethal phenotype. TheNPC1b1
mutation in trans to these deficiency chromosomes con-
ferred a phenotype identical to NPC1b1 hemi- or homozy-
gousmutants. Second,wegenerated agenomic construct
consisting of the entire coding sequence of the NPC1b
gene and 860 base pairs of upstream sequence. When in-Cetroduced into an NPC1b1 mutant background, this con-
struct fully rescued theNPC1b recessive lethal phenotype
to adulthood in expected Mendelian ratios. The rescued
flies were fertile and showed no distinguishable pheno-
types or shortened life span, indicating that this construct
bears all of the transcriptional elements necessary for
proper NPC1b function. Third, we used the NPC1b-
GAL4 construct to induce expression of a GAL4-respon-
sive NPC1b construct (designated UAS-NPC1b) consist-
ing of the NPC1b locus lacking all upstream promoter
sequences. This combination of transgenes was sufficient
to completely rescue the NPC1b1 mutant phenotype. To-
gether, these results demonstrate that the phenotypes as-
sociated with NPC1b1 result specifically from loss of
NPC1b function. Moreover, our finding that the lethal
phase of NPC1b1 homozygotes is indistinguishable from
that of animals bearing theNPC1b1 allele in trans to a dele-
tion of the NPC1b region indicates that the NPC1b1muta-
tion represents a null allele of the NPC1b gene.
In an effort to identify additional NPC1b alleles, we
tested whether other mutationsmapping to theNPC1b re-
gion could complement the NPC1b1mutation. One muta-
tion, NPC1bR9-28 (Perrimon et al., 1989), failed to comple-
ment the NPC1b1 recessive lethal phenotype. NPC1b1/
NPC1bR9-28 transheterozygotes died as second-instarll Metabolism 5, 195–205, March 2007 ª2007 Elsevier Inc. 197
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vive for at least a week at this developmental stage. Se-
quencing of the NPC1bR9-28 allele revealed a stop-codon
mutation at amino acid position 289 in the NPC1b coding
sequence, confirming that this mutation is an allele of the
NPC1b gene. TheNPC1bR9-28mutation conferred lethality
at the second-instar larval stage of development, and this
lethality was rescued by both the NPC1b genomic rescue
construct and the NPC1b-GAL4 transgene in conjunction
with the UAS-NPC1b transgene. These findings indicate
that the NPC1bR9-28 allele is, like NPC1b1, a null allele of
the NPC1b gene.
Sterol Absorption Analysis in NPC1b Mutants
Insects are unable to synthesize sterols from acetate and
thus require a dietary source of sterols for the synthesis of
the steroid molting hormone ecdysone, which is required
for progression of larval development and metamorpho-
sis. Given the restriction of expression of NPC1b to the
midgut and the failure of NPC1b mutants to molt to the
third-instar larval stage, we hypothesized thatNPC1bmu-
tantsmay bedeficient in ecdysone production due to a pri-
Figure 3. NPC1b Mutants Fail to Progress through Develop-
ment
(A) Comparison of size differences betweenNPC1b1 hemizygous (mut)
and isogenic wild-type control (WT) larvae. Larvae were genotyped at
hatching and photographed at the indicated time points.
(B) Hemizygous mutant larvae (n = 63) were collected at hatching and
assayed every 24 hr for survival. Though most larvae survive for an ex-
tended period of time, they do not develop beyond the second-instar
stage.198 Cell Metabolism 5, 195–205, March 2007 ª2007 Elsevier Inmary defect in the absorption of a dietary sterol. Several
experiments were performed to explore this hypothesis.
Because the lethal phase of NPC1a mutants is signifi-
cantly extended by either increased dietary sterol content
or dietary ecdysone (Fluegel et al., 2006; Huang et al.,
2005), we first tested whether similar treatment of
NPC1b mutants would also extend their lethal phase. Di-
etary supplementation had no influence on the NPC1b le-
thal phase, even when using feeding paradigms sufficient
to rescue NPC1a mutants to the adult stage of develop-
ment (data not shown). Moreover, feeding NPC1b1 het-
erozygous females a high-cholesterol diet in an effort to in-
duce increased sterol deposition into developing eggs
failed to influence the lethal phase of their NPC1b1 hemi-
zygous offspring (data not shown).
Our inability to detect an effect of dietary cholesterol or
ecdysone on the lethal phase of NPC1b mutants may re-
flect an absolute block in sterol absorption in these mu-
tants. To test this hypothesis, we compared the sterol
abundance of NPC1b mutants and wild-type controls,
but we were unable to detect any significant difference
in total sterol levels between these genotypes (Figure S2).
However, previous work indicates that substantial
amounts of sterol are deposited maternally in insects
(Gilby, 1965), whichmaymask our ability to detect a defect
in dietary sterol absorption in first-instar larvae. To ad-
dress this possibility, we developed an assay that selec-
tively measures the efficiency of dietary cholesterol ab-
sorption in larvae. This analysis was performed by
collecting larvae shortly after hatching and placing them
on food containing [3H]cholesterol and [14C]glucose. Ra-
dioactive glucose,which is acquired through amechanism
distinct from cholesterol, was included to allow normaliza-
tion of cholesterol absorption relative to glucose to control
for possible differences in the rate of eating between ge-
notypes. Larvae were given 18 hr to consume labeled
food and then transferred to unlabeled food for another
4 hr to purge unabsorbed gut contents. Experiments using
dyes that cannot be absorbed from the larval midgut dem-
onstrated that wild-type larvae as well as NPC1a and
NPC1b null mutants completely dispel unabsorbed gut
contents within this time period (data not shown). At the
end of this time period, the [3H]cholesterol and [14C]glu-
cose content of larval homogenates was determined. Re-
sults of this analysis indicated that the cholesterol:glucose
ratio was severely and equally reduced in NPC1b1 and
NPC1bR9-28 mutants relative to wild-type (Figure 4). By
contrast, NPC1a null mutants, which we previously
showed have a slightly elevated total sterol content
(Fluegel et al., 2006), exhibited a significantly increased
cholesterol:glucose ratio relative to wild-type (Figure 4).
Because there was no statistically significant difference
in glucose uptake between genotypes, and because
pulse-chase experiments indicated that there was little
or no turnover of cholesterol over the time course of our
analysis (data not shown), our findings cannot be ex-
plained by alterations in glucose absorption or alteredme-
tabolism of glucose or cholesterol. Rather, our results are
best explained by decreased cholesterol absorptionc.
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Drosophila NPC1b Is Involved in Sterol AbsorptionFigure 4. Cholesterol Absorption Is Severely Impaired in NPC1b Mutants and Increased in NPC1a Mutants
[3H]cholesterol and [14C]glucose absorption was assessed in first-instar larvae, and the cholesterol absorption values were normalized to glucose
absorption. The histogram displays the cholesterol:glucose ratios for each genotype analyzed relative to the cholesterol:glucose ratio of wild-type
larvae. Each value represents the mean ± standard deviation of at least three independent experiments to measure cholesterol and glucose absorp-
tion. *p < 0.005 by Student’s t test.efficiency in NPC1b mutants and increased cholesterol
absorption efficiency in NPC1a mutants.
If NPC1b is essential for dietary sterol absorption, we
would predict that the NPC1b1 sterol absorption defect
would be epistatic to the increased sterol absorption phe-
notype of NPC1a57A mutants. To test this prediction, we
created NPC1b1;NPC1a57A double mutants to measure
their sterol absorption. NPC1b1;NPC1a57A double mu-
tants were recovered in Mendelian numbers and died pri-
marily during the first-instar larval stage of development.
This lethal phase was indistinguishable from that of
NPC1a57Amutants and indicates that loss ofNPC1a is ep-
istatic to loss of NPC1b in terms of lethal phase. In con-
trast to our prediction,NPC1b1;NPC1a57A doublemutants
appeared to efficiently absorb sterols and were not signif-
icantly different from wild-type larvae in this capacity (Fig-
ure 4). While NPC1b1;NPC1a57A double mutants did not
absorb sterols as efficiently as NPC1a57A single mutants,
our findings indicate that the sterol absorption phenotype
of NPC1a57A mutants is epistatic to the NPC1b1 pheno-
type. Our findings also demonstrate that larvae retain
the ability to efficiently absorb sterols in the complete ab-
sence of NPC1a and NPC1b.
Studies of Intracellular Sterol Trafficking
in NPC1b Mutants
Our findings that the essential functions of NPC1b reside
in the midgut and thatNPC1bmutants have defective ste-
rol absorption closely parallel findings in studies of
NPC1L1, a vertebrate homolog of NPC1b. These similari-
ties raise the possibility that NPC1b and NPC1L1 act
through identical mechanisms to promote dietary sterol
absorption. However, the mechanism by which NPC1L1
promotes sterol absorption remains controversial. One
possibility is that NPC1L1 promotes an early event, per-
haps at the plasmamembrane, to allow the entry of dietaryCell Msterols into intestinal epithelial cells (Altmann et al., 2004);
alternatively, NPC1L1may play a later role in promoting in-
tracellular trafficking of dietary sterols, similar to NPC1
(Davies et al., 2005). In an effort to distinguish these
models, we compared the distribution of sterols in the
midgut epithelium of NPC1a and NPC1b mutants using
the fluorescent cholesterol-binding compound filipin. Mid-
gut tissues from NPC1a mutants, NPC1b mutants, and
wild-type controls were dissected and stained in parallel.
As expected from previous work (Huang et al., 2005), re-
sults of this study revealed an accumulation of sterol-
rich trafficking organelles in the midgut epithelium of
NPC1a mutants (Figure 5). By contrast, midgut tissues
from NPC1bmutants appeared to be largely devoid of fil-
ipin staining relative to wild-type and did not display an ac-
cumulation of sterol-rich trafficking organelles (Figure 5).
To test whether mutations in NPC1b block the accumula-
tion of sterol-rich trafficking organelles that are observed
in themidgut ofNPC1amutants, we analyzed the distribu-
tion of sterols in NPC1b;NPC1a double mutants. Results
of this analysis indicated that midgut tissues from
NPC1b;NPC1a double mutants were, like NPC1b mu-
tants, devoid of sterol and failed to accumulate sterol traf-
ficking intermediates. Together, these findings suggest
that the diminished sterol absorption in NPC1b mutants
derives from an early defect in sterol absorption rather
than a block in intracellular trafficking of cholesterol and
that loss of NPC1b function in the midgut is epistatic to
the NPC1a sterol trafficking defect in this tissue.
Previous work suggests that intracellular sterol traffick-
ing continues at reduced efficiency in NPC1a null mutants
in at least some tissues (Fluegel et al., 2006; Huang et al.,
2005). One possible explanation for this finding is
that other factors act redundantly with NPC1a to promote
intracellular sterol trafficking. Although use of the
NPC1b-GAL4 reporter construct indicates that NPC1betabolism 5, 195–205, March 2007 ª2007 Elsevier Inc. 199
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Drosophila NPC1b Is Involved in Sterol AbsorptionFigure 5. NPC1b Mutants Show Dramatic Absence of Midgut Sterols
Age-matched wild-type (A and B), NPC1b1mutant (C and D), NPC1a57A mutant (E and F), and NPC1b1;NPC1a57A double mutant (G and H) 12–24 hr
old larval midguts were stained with filipin in order to assess total sterol levels. Images show protoventriculus, gastric cecae, and the first two seg-
ments of the midgut. Boxes in (A), (C), (E), and (G) denote areas of magnification in (B), (D), (F), and (H), respectively. NPC1b1 and NPC1b1;NPC1a57A
midgut tissues show dramatically less filipin fluorescence than NPC1a57A and wild-type controls, with no accumulation of sterol trafficking interme-
diates. NPC1a57Amutant midgut tissues show sterol trafficking intermediates. Arrowhead in (C) denotes NPC1b1 larval CNS, which shows wild-type
intensities of filipin staining. Clusters of small punctate spots in (C) and (D) are undigested yeast within the midgut lumen. Images were taken at the
same exposure settings. Scale bars = 50 mm in (A), (C), (E), and (G) and 10 mm in (B), (D), (F), and (G).expression is restricted to the midgut, we cannot exclude
the possibility that our system fails to fully recapitulate the
NPC1b expression pattern or that NPC1b expression is al-
tered in an NPC1a null mutant. Therefore, to test the hy-
pothesis that NPC1b normally plays a role in intracellular
sterol trafficking in peripheral tissues or is activated to per-
form this role in anNPC1amutant, we compared the filipin
staining pattern in extra-gut tissues from NPC1amutants,
NPC1b mutants, NPC1b;NPC1a double mutants, and
wild-type controls. These studies failed to detect differ-
ences in filipin staining in peripheral tissues from NPC1b
mutants and wild-type controls (Figure 6). Furthermore,200 Cell Metabolism 5, 195–205, March 2007 ª2007 Elsevier Inthe redistribution of sterol into trafficking intermediates
that was observed in peripheral tissues of NPC1amutants
appeared to be indistinguishable from that observed in
NPC1b;NPC1a double mutants. We also tested whether
transgenic expression of NPC1b could substitute for
NPC1a and restore sterol trafficking in NPC1a mutants.
However, we were unable to rescue the NPC1a recessive
lethal phenotype by driving expression of NPC1b in tis-
sues known to require NPC1a. Together, these findings in-
dicate that NPC1b plays no role in intracellular sterol traf-
ficking in peripheral tissues and that this factor is
incapable of substituting for NPC1a.c.
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Drosophila NPC1b Is Involved in Sterol AbsorptionFigure 6. Sterol Trafficking Intermediates Accumulate in NPC1a Mutants and NPC1b;NPC1a Double Mutants, but Not in NPC1b
Mutants
First-instar larval tissues were stained with filipin in order to assess cholesterol trafficking. In both wild-type controls and NPC1b1 tissues, the sterol
distribution appears to be uniform. In NPC1a57A and NPC1b1;NPC1a57A larvae, sterols accumulate in a punctate pattern throughout the tissues an-
alyzed. Scale bars = 50 mm in (A)–(D) and 25 mm in (E)–(H).
(A–D) Larval brains.
(E–H) Malpighian tubules (mt) and fat body (fb) isolated from larvae of the indicated genotype.DISCUSSION
The genomes of humans, mice, flies, and worms each en-
code a pair of closely related NPC1 homologs. While this
finding raises the possibility that the NPC1 paralogs in
metazoans have partitioned into specific evolutionarily
conserved functional roles, molecular and functional stud-
ies have not completely supported this conclusion. For ex-
ample, worms, flies, mice, and humans each have one
NPC1 familymember that appears to promote intracellular
sterol and lipid trafficking in a broad set of tissues and an-
other NPC1 family member that is expressed in a more re-
stricted fashion (Altmann et al., 2004; Davis et al., 2004;
Sym et al., 2000). However, the expression pattern of
the more restricted NPC1 family member is not con-
served. In particular, murine NPC1L1 is expressed pre-
dominantly or exclusively in the intestine, where it func-
tions in sterol absorption. By contrast, human NPC1L1 is
expressed most highly in liver, suggesting a hepatic func-
tion for this protein in addition to its well-documented role
in dietary cholesterol absorption (Davies et al., 2005). An
even greater difference is seen in the expression of C. el-
egans NCR-2, which is restricted to a pair of neuroendo-
crine cells and the somatic gonad (Li et al., 2004; Sym
et al., 2000). Our current study indicates that Drosophila
NPC1b is exclusively required in themidgut, where it plays
a major role in the absorption of dietary sterols. These fea-
tures most closely resemble those of murine NPC1L1 and,
together with previous work, strongly suggest thatCellDrosophila NPC1a and NPC1b provide intracellular sterol
trafficking and sterol absorption functions that are equiva-
lent to vertebrate NPC1 and NPC1L1, respectively.
Our finding that Drosophila NPC1b provides a function
that is apparently equivalent to vertebrate NPC1L1 af-
forded us the opportunity to address conflicting models
regarding the role of NPC1L1 in cholesterol absorption.
Previous work has generated disagreements on the sub-
cellular distribution of NPC1L1: Some studies suggest
that it localizes to the plasma membrane, others suggest
that it localizes to internal endosomal compartments,
and still others suggest that it translocates between com-
partments as part of a sterol transporter activity (Davies
and Ioannou, 2006; Iyer et al., 2005; Sane et al., 2006;
Yu et al., 2006). These findings raise questions as to
whether NPC1L1 promotes an early step in sterol absorp-
tion at the plasma membrane and/or a later step in the in-
tracellular trafficking of sterol-rich endocytic trafficking in-
termediates. Our analysis of midgut tissues from NPC1b
mutants supports a model in which NPC1b promotes an
early role in the absorption of sterols at the plasma mem-
brane. In particular, our findings that themidgut epithelium
from NPC1bmutants appears to be devoid of intracellular
accumulations of sterol in transport organelles and that
the midgut epithelium is largely depleted of sterol suggest
that NPC1b acts at an early step in sterol absorption.
However, we cannot exclude the possibility that NPC1b
plays an additional role in promoting the intracellular traf-
ficking of sterol-enriched transport organelles following itsMetabolism 5, 195–205, March 2007 ª2007 Elsevier Inc. 201
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functions of NPC1b and NPC1L1, we propose that
NPC1L1 also acts at an early step in sterol absorption
within the small intestine.
While our current data suggest that the Drosophila
NPC1a and NPC1b genes provide functions equivalent
to the vertebrate NPC1 and NPC1L1 genes, respectively,
the consequences of mutations in these genes are not
equivalent in flies and vertebrates. In particular, mutations
in theDrosophila NPC1 familymembers result in recessive
lethal phenotypes at an early stage of development. In the
case of NPC1a, this lethality is due to a failure in choles-
terol trafficking, leading to decreased production of ecdy-
sone, the steroid hormone responsible for molting and
metamorphosis in insects (Garen et al., 1977). Null muta-
tions in the vertebrate NPC1 gene also lead to a failure
in cholesterol trafficking and severe phenotypes in youth,
but they do not lead to defects in endocrine steroidogen-
esis, as evidenced by the fact that mutations in the murine
NPC1 gene do not affect the concentrations of several
major circulating steroid hormones (Xie et al., 2006). These
differences likely reflect the fact that insects are sterol
auxotrophs (Clayton, 1964), whereas vertebrates are
able to synthesize sterols from acetate and therefore rely
less on dietary cholesterol, and perhaps the efficiency of
intracellular sterol trafficking. The absolute requirement
for sterols in theDrosophila diet may also offer an explana-
tion for the recessive lethal phenotype of Drosophila
NPC1b mutants relative to the lack of effect of NPC1L1
mutations on adult viability in vertebrates. However, as
discussed more fully below, the effects of NPC1b muta-
tions on viability are not fully understood at present and
will require further work.
Our work on Drosophila NPC1a and NPC1b indicates
that these proteins play nonredundant and noninter-
changeable roles. In particular, the intracellular sterol traf-
ficking defects seen inNPC1amutants are not observed in
NPC1b mutants, and the sterol absorption defect of
NPC1b mutants is not a feature of the NPC1a mutants.
Moreover, NPC1b;NPC1a double mutants do not appear
to have more severe intracellular sterol trafficking and ste-
rol absorption defects than the NPC1a and NPC1b single
mutants, respectively. Our transgenic experiments further
demonstrate that NPC1a cannot substitute for NPC1b
(data not shown) and that NPC1b cannot substitute for
NPC1a. The noninterchangeable feature of the NPC1a
and NPC1b proteins may derive from differences in the
subcellular localization of these factors, the requirement
for other tissue- and NPC1-specific cofactors, or the pos-
sibility that these factors influence sterol trafficking in
unique ways. Further experiments will be required to dis-
tinguish these possibilities.
Although our sterol absorption assay was primarily de-
veloped to explore the function of NPC1b, valuable in-
sights into the regulation andmechanism of sterol absorp-
tion were also revealed in our sterol absorption studies of
NPC1a mutants. For example, our results indicate that
loss of NPC1a activity results in significantly increased
sterol absorption. This finding is consistent with our previ-202 Cell Metabolism 5, 195–205, March 2007 ª2007 Elsevier Incous work demonstrating that the sterol content of NPC1a
mutants exceeds that of wild-type controls (Fluegel et al.,
2006) and indicates that the increased sterol content of
NPC1a mutants derives from increased sterol absorption
as opposed to an alteration in sterol turnover. Surprisingly,
the upregulation of sterol absorption that occurs inNPC1a
mutants appears to be epistatic to the sterol absorption
defect of NPC1b mutants, as evidenced by the finding
that NPC1b;NPC1a double mutants absorb cholesterol
far more efficiently than NPC1b single mutants. These
findings indicate that, while NPC1b normally plays an im-
portant role in sterol absorption, there is an NPC1a- and
NPC1b-independent mechanism of sterol absorption in
Drosophila that functions efficiently in the absence of
these factors. Interestingly, the lack of sterol enrichment
ofmidgut tissues that is seen inNPC1bmutants is also ob-
served in NPC1b;NPC1a double mutants, suggesting that
the NPC1a- and NPC1b-independent sterol absorption
pathway somehow bypasses sterol enrichment of midgut
tissues. One possible explanation of this finding is that the
mechanism of the NPC1a- and NPC1b-independent ste-
rol absorption pathway is fundamentally different from
that of the NPC1b-dependent pathway and does not re-
quire or facilitate sterol enrichment of midgut tissues. Al-
ternatively, the NPC1a- and NPC1b-independent sterol
absorption pathway may operate in tissues other than
the midgut, such as Malpighian tubules. Identification of
the NPC1a- and NPC1b-independent sterol absorption
apparatus will be required to resolve these matters.
There are several potential models to explain the effects
of mutations in NPC1a on sterol absorption. One possibil-
ity is that there is a sterol-sensing mechanism in Drosoph-
ila that monitors the flux of sterol trafficking intermediates
or the abundance of downstream products of sterol traf-
ficking, such as ecdysone. The sensing mechanism then
relays this information to regulate sterol absorption
through the alternate sterol absorption pathway (Figure 7).
Alternatively, loss of NPC1a activity may decrease the ef-
flux of dietary-derived sterols by blocking the trafficking of
sterols to the midgut epithelium plasmamembrane for de-
livery to ATP-binding cassette (ABC) family of efflux trans-
porters. These different modes of regulation may act
through a cell-autonomous (Figure 7A) or non-cell-auton-
omous (Figure 7B) mechanism. These models should be
readily testable in future experiments.
While our findings indicate that NPC1b promotes an
early step in dietary sterol acquisition, several observa-
tions suggest that NPC1b mutant larvae die for reasons
unrelated to sterol deficiency. First, filipin staining of the
CNS and Malpighian tubules of NPC1b mutants revealed
fluorescence intensities comparable to that of wild-type
controls (Figure 5 and Figure 6), and the results of a con-
ventional assay to measure total sterol abundance indi-
cated that NPC1b mutants are not severely depleted of
sterols (Figure S2). Second, unlike the NPC1a recessive
lethal phenotype, which is strongly influenced by dietary
sterols, the NPC1b mutant lethal phase is not detectably
influenced by increased dietary sterol content. Similarly,
increased maternal loading of sterols during oogenesis.
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NPC1a and NPC1b in Sterol Absorption
All models posit that NPC1b plays an early role
in the acquisition of dietary sterols but that an
NPC1a- and NPC1b-independent mechanism
of sterol absorption (designated by the dotted
line) also allows entry of sterols. The regulatory
role of NPC1a in sterol absorption may involve
inhibition of the NPC1a- and NPC1b-indepen-
dent mode of sterol absorption under condi-
tions of efficient intracellular sterol trafficking
(i). Alternatively, NPC1a may activate the efflux
of dietary sterols, perhaps by promoting the
trafficking of sterols back to the plasma mem-
brane for delivery to ABC-family transporters
(ii). These modes of regulation may involve
a cell-autonomous role of NPC1a (A) or
a non-cell-autonomous role of NPC1a (B). The NPC1a- and NPC1b-independent mechanism of sterol delivery to the circulatory system may reside
within the midgut epithelium, as pictured here, or within another tissue altogether. However, the general models depicted in (A) and (B) are proposed
to explain the role of NPC1a in the regulation of dietary sterol absorption, regardless of the tissue in which the NPC1a- and NPC1b-independent sterol
absorption apparatus resides.does not shift the lethal phase of NPC1b mutants, in con-
trast to our results with NPC1amutants. Third, in contrast
to our findings inNPC1amutants, exogenous ecdysone is
unable to alter the lethal phase of NPC1b mutants. This
latter finding cannot be readily explained by a defect of
NPC1b mutants in the absorption of this nutrient from
the midgut because previous studies have shown that
20-hydroxyecdysone can be absorbed directly, appar-
ently without need of active transport (Ogiso and Ohnishi,
1984). Based on these findings, we suggest that, while
NPC1b promotes the absorption of sterols from the mid-
gut epithelium, theNPC1b gene is essential for viability ei-
ther because defective sterol absorption in the midgut ad-
versely influences an essential process that is unrelated to
ecdysone metabolism or because NPC1b mutants fail to
absorb another unknown essential dietary factor. Further
studies will be required to resolve this matter.
In conclusion, our results indicate that the NPC1b pro-
tein normally plays an early role in the acquisition of dietary
sterols in the midgut epithelium. However, under condi-
tions of defective intracellular sterol trafficking and possi-
bly dietary restriction of sterols, the absorption of sterols
increases, apparently through an NPC1a- and NPC1b-in-
dependent mechanism. Moreover, our studies raise the
possibility that NPC1b also promotes the absorption of
one or more essential nonsterol nutrients. While our
work advances our current understanding of the molecu-
lar mechanisms of sterol absorption, it also raises many
new questions—in particular, the possibility of a mecha-
nism by which the efficiency of intracellular trafficking is
monitored in insects and conveyed to a novel NPC1-
independent sterol absorption apparatus. Our knowledge
of the precise mechanism by which NPC1a and NPC1b
promote intracellular sterol trafficking and sterol absorp-
tion, respectively, and the factors that regulate the expres-
sion and function of NPC1a and NPC1b is also far from
complete. Further analyses of Drosophila NPC1a and
NPC1b mutants should provide answers to these
questions.CeEXPERIMENTAL PROCEDURES
Fly Strains and Culture
All marker mutations and balancer chromosomes were as described
and referenced by the FlyBase Consortium (2003). Fly stocks bearing
transgenes encoding heat-shock-inducible flippase, I-SceI, and I-CreI
were obtained from K. Golic (University of Utah). All other fly stocks
were obtained from the Bloomington Drosophila Stock Center. Flies
were raised on standard cornmeal/molasses food at 25C unless
otherwise noted. Food supplementation experiments were carried
out as previously described (Fluegel et al., 2006).
Generation of NPC1b Alleles
An NPC1b mutant was created using a gene-targeting method by en-
gineering a targeting construct with a stop-codon mutation at codon
392 of the NPC1b gene (CG12092), nucleotide alterations designed
to eliminate the adjacent 50 splice site, a diagnostic XhoI restriction
site, and other modifications required for gene targeting (Figure 2A;
Rong and Golic, 2000). The targeting construct includes a sequence
corresponding to nucleotides 273721–280080 of genomic DNA acces-
sion number AE003569. Three separate PCR reactions were per-
formed to amplify this genomic region ofNPC1bwhile also introducing
the inactivatingmutations and homing endonuclease recognition sites.
All fragments were amplified from w1118 genomic DNA using the Taq-
Plus Precision system (Stratagene). One fragment was amplified using
the primers 50-AAAAGGTACCGAAGTTGCCGAGCA-30 and 50-
AAAACTGAGTCATGTCTGATTGACGG-30, which generate a 2.1 kb
product containing the NPC1b-inactivating mutations. Another frag-
ment was amplified using the primers 50-ACACCTCGAGAGCAAT
AAACTAGGCT-30 and 50-AAAACTAGTATTACCCTGTTATCCCTACC
GGTGGCCAGCAT-30, which generate a 700 bp product containing
an I-SceI homing endonuclease recognition site. The third fragment
was amplified using the primers 50-AAAACTCGAGACCGGACTAGT
GCT-30 and 50-AAACCGCGGCGGCCGCGATTTTCCTCCAGCTTT-30,
which generate a 3.5 kb product. The fragments were joined in se-
quential steps using unique restriction sites engineered into the primer
sequences, and the proper arrangement was verified by sequencing
the junctions. The completed 6.3 kb targeting construct was cloned
into a KpnI-NotI-digested pTV2 vector (kindly provided by K. Golic),
which supplies a w+ marker and FRT sites flanking the targeting con-
struct, and then introduced into the Drosophila genome through stan-
dard germline transformation techniques (Rubin and Spradling, 1982).
A transgenic line bearing the targeting construct situated on a chro-
mosome with the dominant Cy mutation was crossed to flies bearing
both flippase and I-SceI transgenes under the control of heat-shockll Metabolism 5, 195–205, March 2007 ª2007 Elsevier Inc. 203
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3 days after hatching and grown to adulthood. Expression of flippase in
the germline of these flies is expected to excise the targeting construct
as a circular fragment, and I-SceI generates a double-stranded break
in that fragment to convert the targeting construct to a linear fragment.
In rare instances, the linearized targeting construct reinserts into the
genome at the location of the homologous genomic locus, typically
generating a tandem duplication of the sequence of interest. Putative
targeting events were detected by screening for flies bearing the w+
eye-color marker that also lacked the Cy mutation, indicating that
the targeting construct mobilized to another chromosome. All putative
targeting events displaying an X chromosome segregation pattern of
the w+ marker were subjected to molecular analysis to confirm proper
targeting of the X-linked NPC1b gene. From among the 35,000 prog-
eny screened, two independent targeting events were identified.
Both targeting events consisted of a tandem arrangement of the muta-
tionally altered and wild-type copies of the NPC1b gene (Figure 2A).
To convert the tandem pair of NPC1b alleles to a single copy of the
mutationally altered NPC1b allele, the properly targeted flies were
crossed to flies bearing an I-CreI transgene under the control of
a heat-shock promoter. Progeny of this cross were heat shocked at
38C for 1 hr 0–3 days after hatching and grown to adulthood. Expres-
sion of I-CreI is expected to generate a double-stranded break at the I-
CreI recognition site in the targeting transgene, and recombinational
repair of this double-stranded break can resolve the tandem duplica-
tion to a single copy of theNPC1b gene. The desired progeny were de-
tected by screening for the absence of the w+ eye-color marker
(Figure 2A). From among the 400 progeny screened, 33 mutant lines
were isolated and verified by the presence of the diagnostic XhoI re-
striction site (Figure 2B).
Generation of Transgenic Constructs
The NPC1b genomic rescue construct was generated by cloning a 6.6
kb XhoI-EagI fragment containing the complete NPC1b coding se-
quence and approximately 0.9 kb of upstream sequence from the
BAC clone RPCI-11M14 (BACPAC Resource Center) into a modified
form of the Drosophila vector pUAST lacking UAS motifs.
The UAS-NPC1b transgene was generated from the NPC1b geno-
mic rescue transgene. First, to insert a 50 restriction site at the pre-
dicted start of NPC1b translation, a 1.1 kb product was amplified
from genomic DNA using the primers 50-ACACCTCGAGCACAACC
AAAATGAAAGTGATTTTTGCAAC-30 and 50-ACGGCCTTTACGAACA
TCTG-30. This PCR product was cloned into an XhoI-MluI-digested
NPC1b genomic transgene. The entire NPC1b coding sequence was
then cloned into a KpnI-EagI-digested pUASp Drosophila transforma-
tion vector (Rorth, 1998).
TheNPC1b-GAL4 transgene was generated by PCR amplification of
a 0.9 kb fragment immediately upstream of the predicted NPC1b start
codon with the primers 50-CAGGTGGTTGGTATTTCTCAG-30 and 50-
CGCGGATCCTCCGACACTAAAAAAAAAAAAATA-30. This fragment
was then cloned into an XhoI-BamHI-digested pG4PB reporter vector
(Dobritsa et al., 2003) (kindly provided by J. Carlson, Yale University).
The integrity of all constructs was verified by sequencing before
introduction into Drosophila by standard germline transformation
techniques.
Filipin Staining of Larval Tissues
Larvaewere collected fromyeasted grape-juice agar platesmaintained
at 25C. For filipin staining experiments involvingmidgut tissues, 12–24
hr old larvaewere used.All other filipin staining experiments used0–4hr
old larvae. Larval tissues were dissected in PBS and fixed in 4% para-
formaldehyde inPBS for 20–30min. After fixation, tissueswerewashed
at least twice with PBS. A fresh 250 mg/ml stock solution of filipin
(Sigma) was made daily in DMSO. Tissues were stained with 50 mg/
ml filipin in the dark for 30 min at room temperature followed by three
washes in PBS. Following staining, tissues were placed in 50% glyc-
erol/PBS overnight at 4C before mounting onto slides with ProLong
Gold Anti-Fade reagent (Invitrogen). Stained midgut tissues were ana-204 Cell Metabolism 5, 195–205, March 2007 ª2007 Elsevier Inlyzed on aNikonMicrophot-FXAmicroscope using an excitatorywave-
length of 360–370 nm, and the filipin signal was detected at wave-
lengths above 400 nm. All other filipin-stained tissues were analyzed
using a LeicaSP1 two-photon confocalmicroscope. TheTsunami laser
producedanexcitatorywavelength of 723–741nm,and the filipin signal
was detected at wavelengths of 399–553 nm. Equivalent gain and off-
set values were used for each tissue type across genotypes.
Cholesterol Absorption Assay
Food for cholesterol absorption studies was prepared by boiling 0.7 g
agar, 1 g yeast extract, 2.5 g dextrose, and 1.5 g Nipagin in a total vol-
ume of 100 ml of water. Ten microcuries of [1a,2a(n)-3H]cholesterol
(Amersham) was evaporated in a fume hood to remove toluene and re-
suspended in 100% ethanol. Ten microcuries of [1a,2a(n)-3H]choles-
terol in 100% ethanol and five microcuries of D-[6-14C]glucose in 3%
ethanol (Amersham) were each added to 1 ml of prepared agar along
with 100 ml of diluted food coloring. Thismixture was then distributed in
200 ml aliquots onto small Petri dishes. Agar plates lacking both radio-
activity and food coloring were also prepared. Larvae were collected at
room temperature onto wetted 2.5 cm Whatman paper disks from
yeasted grape-juice agar plates 3–5 hr after hatching using GFP fluo-
rescence to identify mutants as necessary.
Collected larvae were transferred en masse to food containing ra-
dioactive cholesterol and glucose and were incubated for 18 hr at
room temperature. Following this incubation period, larvae with col-
ored gut contents were then transferred to nonradioactive agar for 4
hr. Larvae that lacked colored gut contents following this incubation
periodwere then placed intomicrofuge tubes. One hundredmicroliters
of EcoScint A scintillation fluid (National Diagnostics) was added to lar-
val samples, which were then homogenized using Kontes pestles. This
homogenate was then added to a scintillation vial containing 5 ml of
scintillation fluid and analyzed in a scintillation counter. Cholesterol ab-
sorption experiments were repeated three times in entirety, and the
3H:14C ratios from these experiments were averaged.
Cholesterol turnover was assessed by adding 5 mCi [4-14C]choles-
terol (Amersham) in ethanol to agar prepared as described above
along with food coloring. Larvae were collected as described above
and placed onto radioactive agar for 2 hr. Larvae displaying colored
guts were then transferred onto agar plates lacking radioactive choles-
terol. After 4 hr, half of the larvae were collected, homogenized, and
counted as described above. The remaining larvae were similarly pro-
cessed after a further 14 hr on nonradioactive agar. The number of
counts was compared at the two time points to assess the turnover
rate of cholesterol over this time period. Trials were conducted in trip-
licate for all genotypes analyzed.
Sterol Quantitation Assay
The Amplex Red Cholesterol Assay Kit (Molecular Probes) was used to
assess total sterol content. First-instar larvae were genotyped, col-
lected from grape-juice agar plates lacking yeast, and placed on yeast
paste for 8 hr to feed. Larvae were then collected, rinsed of all yeast,
and transferred to apple-juice agar lacking yeast for 3 hr. Larvae
were then weighed and homogenized in 150 mm NaCl, 50 mm Tris
(pH 7.5), 2 mmEGTA tomake a 100mg/ml larval homogenate. The ho-
mogenate was centrifuged at 5000 rpm for 5 min to pellet debris, and
the supernatant was assayed according to manufacturer’s instruc-
tions. Fluorescence was measured with a Packard FluoroCount fluo-
rometer with a 530/590 nm filter set.
Supplemental Data
Supplemental Data include two figures and can be found with this ar-
ticle online at http://www.cellmetabolism.org/cgi/content/full/5/3/195/
DC1/.
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